Three classes of mutants of Anacystis nidulans were selected on the basis of resistance to fluorophenylalanine and 2-amino-3-phenylbutanoic acid. The most frequent type exhibited DAHP synthetase (7-phospho-2-keto-3-deoxy-D-arabinoheptonate-D-erythrose-4-phosphate-lyase [pyruvate phosphorylating], EC 4.1.2.15) activity identical to that of the parental strain. The second type was characterized by extremely low levels of the activity. The third type had a DAHP synthetase showing decreased sensitivity to inhibition by L-tyrosine. The enzyme was purified 140-fold from wild-type and feedback-insensitive strains, and the kinetics of the reaction was examined. The activity of the wild-type enzyme was inhibited 75% in the presence of 2.0 x 10-I M tyrosine, and the altered enzyme was inhibited 10%. The following apparent constants were obtained from kinetic studies with partially purified wild-type enzyme: S0o5 for D-erythrose-4-phosphate = 7.1 x 10-4 M; S0.5 for phosphoenolpyruvate = 1.4 x 10-4 M. Inhibition by tyrosine was mixed with respect to binding of both D-erythrose-4-phosphate and phosphoenolpyruvate. In addition, tyrosine promoted cooperative interactions in the binding of phosphoenolpyruvate. For the altered enzyme the following apparent constants were obtained: SO., for D-erythrose-4-phosphate = 7.1 X 10-4 M; S0.5 for phosphoenolpyruvate = 2.9 x 10-4 M. Inhibition by tyrosine was mixed with respect to D-erythrose-4-phosphate and competitive with respect to phosphoenolpyruvate. Tyrosine did not promote cooperative effects in the binding of phosphoenolpyruvate to the altered enzyme.
Three classes of mutants of Anacystis nidulans were selected on the basis of resistance to fluorophenylalanine and 2-amino-3-phenylbutanoic acid. The most frequent type exhibited DAHP synthetase (7-phospho-2-keto-3-deoxy-D-arabinoheptonate-D-erythrose-4-phosphate-lyase [pyruvate phosphorylating], EC 4.1.2.15) activity identical to that of the parental strain. The second type was characterized by extremely low levels of the activity. The third type had a DAHP synthetase showing decreased sensitivity to inhibition by L-tyrosine. The enzyme was purified 140-fold from wild-type and feedback-insensitive strains, and the kinetics of the reaction was examined. The activity of the wild-type enzyme was inhibited 75% in the presence of 2.0 x 10-I M tyrosine, and the altered enzyme was inhibited 10%. The following apparent constants were obtained from kinetic studies with partially purified wild-type enzyme: S0o5 for D-erythrose-4-phosphate = 7.1 x 10-4 M; S0.5 for phosphoenolpyruvate = The first reaction unique to the synthesis of phenylalanine, tyrosine, and tryptophan is the condensation of phosphoenolpyruvate and Derythrose-4-phosphate to give 3-deoxy-Darabino-heptonate-7-phosphate (DAHP) synthetase. In the blue-green bacterium Anacystis nidulans this key regulatory enzyme exists as a single activity under the feedback control of a single end product, tyrosine (9) . Inhibition of enzyme activity can often be mediated by synthetic analogues of naturally occurring amino acids. Since the analogue may substitute for the natural product in a variety of reactions, analogue resistance is often a useful tool in the selection of variants in which a control mechanism has been modified (15) . This method has proved to be of much practical value for work on regulation of the metabolism in several species of bacteria (6, (11) (12) (13) . Work in this laboratory demonstrates that mutants of A. nidulans may be selected on the basis of resistance to fluorophenylalanine and 2-amino-3-phenylbutanoic acid. One of these mutants is a feedback-insensitive strain, the isolation of which is of interest for two reasons. First, the characterization of such a strain expands the possibilities for study of the regulation of aromatic amino acid biosynthesis in A. nidulans. Second, examination of catalytic and feedback properties of the altered enzyme provides further description of the interaction between substrate, inhibitor, and enzyme molecules; it was previously reported that tyrosine exerted a differential effect on the binding of the two substrates, which suggested a relationship to the mechanism of the enzymatic reaction (9) . Kinetic studies of the DAHP synthetase from a feedback-insensitive strain and a preliminary analysis of the activity in crude extracts of other mutants are described in the present report.
MATERIALS AND METHODS
Growth of cells, preparation of crude extracts, method of protein determinations, procedure for assay of DAHP synthetase, and calculation of units of activity were described previously (9) . The feedbackresistant mutant A. nidulans AP10 is a spontaneous derivative of strain 625 (14) , resistant to 2.0 x 10-3 M 2-amino-3-phenylbutanoic acid.
Isolation of analogue-resistant mutants. Strain 625 was grown to early stationary phase (9) and PHARES AND CHAPMAN harvested by centrifugation, and the pellet was washed with 0.02 M potassium phosphate (pH 7.0) plus 10-a M MgCl,. The cells were resuspended in one-tenth the volume of the same buffer, and 0.3 ml of cell suspension was spread on minimal agar plates containing 200 gg of analogue per ml. Colonies appearing after 5 days of incubation at 37 C under constant illumination were picked and purified three times by successive streaking on analogue-supplemented medium. Strains resistant to fluorophenylalanine and 2-amino-3-phenylbutanoic acid are designated FP and AP, respectively.
Assay of substrates. Both phosphoenolpyruvate and D-erythrose-4-phosphate used for the assay of DAHP synthetase were hydrolyzed in 1 N HCl at 100 C. The kinetics of this reaction was examined, and for quantitative purposes it was determined that an incubation period of 1 h was sufficient for maximum hydrolysis. The inorganic phosphate liberated was determined by the method of Ames et al. (1) . A 0.6-ml amount of hydrolyzed sample was incubated with 1.4 ml of Chen reagent at 45 C for 20 min. The absorbance at 820 nm was read against a similarly treated water blank. The molar extinction coefficient was 2.1 x 104 M-' under these assay conditions. Concentrations of both substrates were corrected for inorganic phosphate present initially.
D-Erythrose-4-phosphate was concomitantly determined colorimetrically (8); phosphoenolpyruvate was determined by its absorbance at 240 nm under specified conditions (5). The results from both of these assays substantiate values obtained from inorganic phosphate determinations.
Purification of DAHP synthetase. All of the following operations were performed at 0 to 5 C.
(i) Precipitation of nucleic acids. Crude extracts of the wild-type strain were treated with protamine sulfate (9) . Homogenates prepared from analogueresistant cells were treated with streptomycin sulfate instead. Streptomycin sulfate was dissolved in 0.05 M potassium phosphate (pH 6.8) plus 0.5 mM ethylenediaminetetraacetate and added to a fmal concentration of 2% (wt/vol) with continuous, slow stirring. The resulting suspension was stirred for an additional 15 min. The precipitate was removed by centrifugation at 12,100 x g for 15 min and discarded.
(ii) (NHJ2SO4 fractionation. Fractions of 0 to 30, 30 to 50, and 50 to 65% saturation were prepared by the dropwise addition of an appropriate volume of a saturated solution of the salt (7) with continuous, slow stirring. The pH was monitored and adjusted to 6.8 with KOH when necessary. Stirring was continued for 20 min, and then the suspension was centrifuged at 12,100 x g for 15 min. The precipitate was dissolved in 0.05 M potassium phosphate (pH 6.8) plus 1.0 mM MgCI, and dialyzed against 1,000 volumes of the same buffer.
(iii) Sephadex G-100 fractionation. A Sephadex G-100 column (2.0 by 70.5 cm) was prepared according to the method of Andrews (2) (Table 1) . The most frequent type exhibits DAHP synthetase activity identical to that of the parental strain. The second type is characterized by extremely low levels of the activity under standard assay conditions. Mutants of these two classes are currently being investigated. Mutants of the third class have a tyrosine-insensitive DAHP synthetase. The enzyme from a feedback-insensitive strain was purified and examined further; the wild-type activity was also purified in the same manner.
Purification of DAHP synthetase. A representative purification from the analogue-resist-ant strain is presented in Table 2 . The use of streptomycin sulfate to precipitate nucleic acids from cell-free extracts of the analogue-resistant strain was chosen as an alternative to the use of protamine sulfate, since the latter resulted in almost complete loss of activity. The same observation applies to the use of streptomycin sulfate with the extract from the wild-type strain. Otherwise, the two enzymes behaved similarly during each purification step. During the (NH4)2SO4 fractionation procedure, approximately 85% of the activity recovered was precipitated in the 30 to 50% fraction. The activity in the remaining two fractions exhibited feedback properties identical to that of the 30 to 50% fraction. Both enzymes eluted from Sephadex G-100 as single symmetrical peaks, which appeared at the decline of the major peak of eluted protein. Both enzymes adsorbed to hydroxyapatite at a phosphate concentration of 0.01 M and were eluted as single peaks, skewed slightly to the right, about midpoint in the linear gradient.
Kinetic studies with the purified enzyme. Kinetic studies were performed using fraction VI preparations of DAHP synthetase from strains 625 and AP10. These studies consist of measuring initial reaction velocities as a function of varying substrate concentration; the concentration of one substrate is varied at saturating levels of the second substrate. Measurements were then conducted in the presence of two concentrations of L-tyrosine. Kinetic studies of the wild-type enzyme present double-reciprocal plots similar to those previously published (9) . The S0.5 for D-erythrose-4-phosphate is 7.1 x 10-4 M. L-Tyrosine, at concentrations of For the purified enzyme from the feedbackinsensitive strain, a plot of the velocity as a function of D-erythrose-4-phosphate concentration gives a nonlinear, double-reciprocal curve (Fig. la) . An S0. 5 for D-erythrose-4-phosphate of 7.1 X 10-4 M is obtained. The effect of tyrosine, at concentrations of 10-4 and 10-3 M, is to alter both the S0.S and Vmax and to increase the degree of concavity of the plot (Fig. lb) . The double-reciprocal plot of velocity as a function of phosphoenolpyruvate concentration is nonlinear, and an SO.5 for phosphoenolpyruvate of 2.9 x 10-4 M is obtained (Fig. 2a) . Tyrosine, at concentrations of 10-4 and 10-3 M, appears to affect the S0.5 for phosphoenolpyruvate but not the Vmax for the reaction (Fig. 2b) . Inhibition of the reaction by tyrosine, at saturating concentrations of both substrates (2.0 x 10-3 M), is not proportional to the amount of inhibitor at the concentrations tested, indicating a partial inhibition system. The inhibition obtained at tyrosine concentrations as high as 2.0 x 10-3 M is 10%.
The effect of tyrosine on reaction velocity as a function of varying substrate concentration was determined by Hill plots (not shown) for both enzymes. The Hill coefficient, n, for phosphoenolpyruvate is increased from 1.4 in the absence of tyrosine to 2.5 in the presence of 2.5 x 10-5 M tyrosine for the wild-type enzyme, whereas no such effect is observed for the altered enzyme. Cooperativity indexes (10), de- rived from double-reciprocal plots (Fig. 2b) suggested that the reaction proceeds without a definite combination between D-erythrose-4-phosphate and the enzyme-phosphoenolpyruvate complex (9) . The results of the present study substantiate this view. Both wild-type and altered enzymes exhibit the same apparent affinity for D-erythrose-4-phosphate. The altered enzyme shows decreased sensitivity to tyrosine inhibition and decreased affinity for phosphoenolpyruvate; enhanced cooperative binding of phosphoenolpyruvate was not observed. An alteration in the affinity of the enzyme for tyrosine is accompanied by changes in the binding of phosphoenolpyruvate but not D-erythrose-4-phosphate.
